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Abstract 

Background: For unclear reasons, many Tourette syndrome (TS) children report near-complete tic remission by young adulthood. Immature maturation of brain 
networks, observed with resting-statc functional AfRI (rs-fc-MRI) in adolescents and adults with TS, might evolve to a mature pattern in adults who experience tic 
improvement or remission. We explored the feasibility of testing this hypothesis in our population of young adult TS males, each with prior clinical assessments 
completed during childhood as part of a separate TS Association Genetics Consortium study. 

Methods: A total of 10 TS males (off tic suppressing drugs for at least 6 months) aged 19-32 years, mean follow-up inten-'al 7.5 {2 to 13) years, and 11 
neurologically nonnal controls were enrolled and underwent 3-Tesla structural and rs-fc-MRI sequences. 

Results: The mean change in Yale Global Tic Severity Scale (YGTSS) was —31.5% (total) and —26.6% (YGTSS motor+vocal). Two subjects reported resolution 
of tic-related disability, with drops from mean 45 to 16.5 (YGTSS-total) and 25 to 11.5 (YGTSS motor+vocal.). 

Rs-fc-MRI revealed signilicantly increased connectivity between the ipsilateral anterior and mid cingulate cortex and striatum, increased connectivity between 
local connections, and decreased connectivity between more distant connections; representing an immature connectivity pattern. 

Discussion: Similar to previous reports, we found immature patterns of functional connectivity in adult TS subjects. Despite a lack of complete tic remission, two 
subjects exhibited dramatic drops in tic severity that correlated with tic-related disability improvement. More work is needed to elucidate the mechanism of such 
dramatic improvement in TS. 
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Introduction Transient tics may be a common feature of normal brain 

Tics are stereotyped, repetitive involuntary movements (motor tics) or developmem, as they can be seen in up to 20% of school-aged 

sounds (phonic tics) that are often performed in response to an internal children.* Childhood TS has a worldwide prevalence of about 1%,' 

feeling or urge (premonitory sensation) and only briefly suppressible. ' which may be explained in part by immature patterns of functional 

Tourette syndrome (TS) is defined by childhood onset of multiple motor connectivity,*^"^ a hyperactive dopamine-releasing system,'"'" and 

and phonic tics lasting more than 1 year.^ Attention-deficit hyperactivity reduced densities of striatal inhibitoiy neurons'^ and receptors.''^ 

disorder (ADHD) and obsessive-compulsive disorder (OCD) are often Despite these neurobiological abnormalities, most children experience 

comorbid in TS,"* and, together with tic symptoms, comprise what is improvement or complete remission of tic symptoms by the young 

commonly known as the clinical "TS triad." adult years. A significant reduction in tic severity reportedly begins at a 
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Figure 1. Flowchart showing data recruitment and analysis. From 80 subjects with prior YGTSS scores, 10 were imaged, witli 9 TS subjects and 10 matched 
control subjects showing images with acceptable image quality. 



mean age of 16 years, with between 26 and 50% of patients being 
essentially free of tics (in remission) by early adulthood.'"'"" 

It remains unclear what neurobiological factors mediate tic 
remission or persistence in young adults with TS; however, develop- 
mental failure of subcortical structures may play a role. This was 
suggested by the only longitudinal magnetic resonance imaging (MRI) 
study to date, which revealed a correlation between reduced caudate 
volumes in childhood and greater tic severity in adulthood.'" Cross- 
sectional volumetric studies in TS adults can be difficult to interpret, as 
it is unclear whether changes are a primary cause of tics or secondary 
to tic suppression.'^ Resting-state functional connectivity MRI (rs-fc- 
MRI) has emerged as a potential method to measure brain network 
architecture in subjects with TS. During normal brain maturation, 
cortical network hubs develop fewer local connections and a higher 
number of more distant connections.^" rs-fc-MRI studies have 
demonstrated that TS adolescents and adults have higher numbers 
of local connections and fewer distant connections — a less mature 
pattern — of resting-state functional connectivity compared to con- 
trols.''"' We performed a pilot study to confirm these findings in our 
local patient population and to justify the potential of rs-fc-MRI to 
study diflFerential brain maturation between TS subjects with and 
without tic remission. Of particular interest was whether fronto-striatal 
connectivity would be abnormal given a prior report of increased 
activation of fronto-striatal regions in TS.^' 

Methods 

We aimed to recruit individuals aged 18-35 with diagnosis of TS 
and tic-related impairment documented in childhood from a cohort of 
80 eligible male patients previously assessed for TS Association 
International Consortium for Genetics (TSAICG) research in child- 
hood to determine diagnosis and severity (averaged over the week 
prior to enrollment) of TS, as well as comorbid OCD or ADHD.^^ TS 
subjects were off tic-suppressing drugs for at least 6 months. A total of 
1 1 neurologically normal male controls that were age-matched within 
2 years of participants were also recruited. The University of Utah 
Institutional Review Board approved the study, and informed consent 
was obtained from each subject. 

Each TS subject completed a list of concomitant medications, the 
self-administered Conners Adult ADHD rating scale (CAARS), and 
the clinician-administered Yale Global Tourette Syndrome Scale 
(YGTSS) and Yale-Brown Obsessive Compulsive Scale (Y-BOCS). 
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Imaging was carried out using a Siemens 3 T Tim Trio scanner 
equipped with a 12-channel head coil. Structural/volumetric MRI 
scans were acquired for each subject using a 3D magnetization- 
prepared rapid acquisition with gradient echo (MPRAGE) Tl- 
weighted sequence with the following parameters: repetition time/ 
echo time (TR/TE) = 2,000/3.53 ms, 8-degree flip angle, field of view 
(FOV) 256 X 256 mm to cover the whole brain, yielding 224 slices, no 
gap, voxel size 1x1x1 mm. 

To assess brain functional connectivity, rs-fc-MRI sequences were 
implemented using blood-oxygen-level dependent echo planar imaging 
(BOLD EPI) sequences with matrix dimensions of 64 x 64 x 40, 
TR=2.0 s, and TE 30 ms. Data preprocessing was performed using 
MATLAB with AFNI and SPM8 toolboxes, including RETROICOR 
using physiologic heart rate and respiratory waveforms obtained 
during scanniiig,^'^ slice timing correction, motion correction (rea- 
hgned and unwarped to separately obtain fieldmaps), coregistratioii to 
MPRAGE, and normalization of MPRAGE and functional images to 
the Montreal Neurological Institute (MNI) template. A general linear 
model was used to perform regression of the white matter, facial soft 
tissue, lateral ventricle, and six motion parameters from each voxel's 
data as previously described (PSTCor).^* Cross-correlation coefficients 
were computed following band-pass filtering of the data to evaluate 
frequency-dependent contributions to correlation using standard 
functional connectivity techniques. The rs-fc-MRI correlations were 
calculated between each of the averaged time series obtained from 1 1 6 
regions from the automated anatomical labeling (AAL) brain atlas. ^' 

Results 

The study process is outiined in Figure 1. A total of 10 TS subjects 
(mean age 23.5 + 4.2 years) were successfully contacted and recruited. 
MRI data from one TS subject could not be used due to an incomplete 
examination. A total of 1 1 controls were enrolled and imaged, but one 
had to be excluded because a low-grade glioma was found during the 
structural MRI sequence. Subjects' clinical data are outiined in 
Table 1. The mean interval between baseline clinical assessment for 
TSAICG enrollment and the present study was 7.5 (range 2-13) years. 
Average tic severity over the past week was used to calculate changes 
from baseline. YGTSS data are outiined in Table 2. All TS subjects 
showed tic severity improvement. As a group, the mean reduction in 
YGTSS was 31.5% (total) and 26.6% for YGTSS total tic 
(motor+vocal) subscore. None were "tic free" in the past week or 
year, but two described resolution of tic-related impairment, with 
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Table 1. Subject Age and Comorbidity Data 
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Subject Age 



Medications 



childhood 
OCD 



Y-BOCS 



ADHD 

diagnosis 



Conners total 



fluoxetine, 
dextroamphetamine, 
Zolpidem 



Conners 
inattentive 



Conners 
Hyperactive 



1 21 

2 21 

3 
4 
5 
6 
7 
8 
9 
10 

Abbreviations: ADHD, Attention -deficit Hyperactivity Disorder; OCD, Obsessive-compulsive Disorder; Y-BOCS, Yale Brown Obsessive Compulsive Scale taken at the time of MRI. 
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Table 2. Subject Baseline and Follow-up Tic Se\'erity 
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Abbreviations: YGTSSI, Baseline Yale Brown Global Tourette Syndrome Scale; YGTSS2, Follow-up YGTSS scores 


at the time of MRI. 
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Figure 2. Difference in Fisher-transformed Correlation between Samples (Control — TS) for each Pair of 116 regions in the AAL brain atlas. The 

blue square in the middle shows significantly higher correlation for TS subjects (p — 0.016) averaging correlation for all conitections between occipital lobe regions (ROIs 
43-56). 
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Figure 3. Differences in Correlation as a Function of Strength of Functional "Connection." Scatter plot shows difTcrence in correlation (Control — TS) as a 
function of mean correlation for the connection over all 20 participants. 
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drops from mean 45 to 16.5 (YGTSS-total) and 25 to 11.5 (YGTSS 
motor+vocal). 

When examining fvmctional connectivity between all 6,670 pairs of 
1 1 6 regions from the AAL brain adas, we found three specific 
difiFerences: increased connectivity between nearby regions, decreased 
connectivity between more distant regions, and increased connectivity 
between ipsilateral corticostriatal projections. Regions that were closer 
together (r=0.15) and more strongly correlated (r=0.30) showed the 
greatest increases in correlation for TS subjects relative to control 
subjects (Figures 2-4). Regions with dense local interconnections, 
such as the occipital lobes, showed the greatest increases in 
connectivity in subjects with TS. For all connections averaged between 
occipital lobe ROIs, TS subjects showed significantly higher 
connectivity (p = 0.016). Although the sample size was not powered 
to identify individual connection difiFerences, given an a priori 
hypothesis of abnormal function in corticostriatal regions associated 
with tics,^ we examined measurements between the anterior cingulate 
cortex and caudate nuclei. Functional connectivity was significandy 
increased in subjects with TS between the left anterior cingulate cortex 
and left caudate nucleus (p = 0.022, two-tailed t-test) and right mid 
cingulate cortex and right caudate nucleus (p = 0.0074, two-tailed 
t-test). 

Discussion 

This was a pilot study designed to explore feasibility of using rs-fc- 
MRI to study tic remission (with potential recruitment of persistent 



Figure 4. DifTerences in Correlation as a Function of Distance of 
Functional "Connection." Scatter plot sliows difference in correlation 
(Control — TS) as a function of distance l^etween the centroids of tlie ROIs for 
each functional "connection." 
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and remitted cases of TS from participants previously assessed as 
children in the TSAICG study). Despite a small sample size, our results 
showed immature functional connectivity patterns in young adult 
males with persistent TS. These findings are in agreement with recent 
larger studies in adolescents (ages 10-15 years) and young adults (ages 
19-40)'''' and add to a growing body of literature showing that TS is a 
neurodevelopmental disorder. 

Prior studies of brain connectivity in TS include findings of 
decreased structural connectivity (diffusion tensor imaging) in tracts 
involving the supplementary motor area with basal ganglia and in 
frontal cortico-cortical circuits.''' Functional connectivity exhibited 
"immature" distribution compared to controls, including connectivity 
values more similar to younger subjects than age-matched control 
subjects.' In a study probing corticostriatal circuit connectivity, 
stronger functional integration was observed compared to controls. 
A study measuring fractional amplitude of low-frequency fluctuations 
(ALFF) found decreased ALFF in the posterior and anterior cingulate, 
superior and middle frontal cortex, and superior parietal lobule.^' 
ALFF is a composite marker of functional connectivity that examines 
individual regions rather than pairs of regions, and it is helpful in 
identifying individual brain areas where connectivity difiFerences are 
most pronounced between groups, given that lower frequency 
fluctuation is a marker of functional network complexity.^'* Although 
only a few studies have been performed, our results are broadly 
consistent with a pattern of increased frontostriatal connectivity with 
increased local connectivity (exemplified by short-range occipital 
connections and a negative correlation between distance and relative 
connectivity in TS) and decreased long-range connectivity. 

Although our sample size was small, we did not observe any cases of 
complete tic remission. A previous longitudinal study found that 90% 
of adults still had objective evidence of tics (based on video review by a 
movement disorders expert), including half of those who felt that they 
were free of tics.^"' Taken together, these findings raise concern that 
previous reports of complete remission'''"''' may have overstated the 
degree of improvement seen in patients with TS. We did find two 
patients with prior tic-related disability in childhood who no longer 
reported tic-related disability as adults and had much more dramatic 
improvements in YGTSS scores than their peers. More work is needed 
to better understand the cause(s) of such dramatic improvements in 
TS. To date, 20 centers have enrolled children for the TSAICG who 
are now young adults. Our findings and high loss to follow-up (only 10 
of 80 potentially eligible subjects were recruited) raise concerns about 
the feasibility of recruiting cases exhibiting dramatic improvement 
from these cohorts. More work is needed to better characterize and 
study the impact of early medical or behavioral interventions on the 
long-term clinical course of TS. Academic centers can utilize electronic 
medical record systems to collect and track standardized clinical 
measures (YGTSS, Y-BOCS) across lifespan of the patient; however, 
innovative funding mechanisms will be needed to support longitudinal 
studies of imaging and other biomarkers not routinely indicated in the 
clinical care of most TS patients. 
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